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ABSTRACT Respiratory syncytial virus (RSV) is the most common viral cause of severe lower respiratory tract illness in infants 
and children. The virus replicates in polarized epithelial cells in the airway and, to a lesser extent, infects airway antigen- 
presenting cells, such as dendritic cells (DCs). RSV possesses a number of expressed genes that antagonize the effect of type I in- 
terferons and other related host factor pathways that inhibit replication efficiency. Virus infection alters host gene transcription 
and the translation of host transcripts through specific antagonism of the function of host proteins, through induction of RNA 
stress granules, and through induction of altered patterns of host gene expression. In healthy cells, microRNAs (miRNAs) regu- 
late gene expression by targeting the noncoding region of mRNA molecules to cause silencing or degradation of transcripts. It is 
not known whether or not RSV infection alters the level of microRNAs in cells. We profiled the pattern of expression of host cell 
microRNAs in RSV- infected epithelial cells or DCs and found that RSV did alter microRNA expression but in a cell-type-specific 
manner. The studies showed that let- 7b was upregulated in DCs, while let-7i and miR-30b were upregulated in epithelial cells in 
a process that required viral replication. Interestingly, we found that the RSV nonstructural genes NS1 and NS2 antagonized the 
upregulation of let-7i and miR-30b. RSV appears to manipulate host cell gene expression through regulation of expression of 
miRNAs related to the interferon response. The data suggest a new mechanism of virus-host cell interactions for paramyxovi- 
ruses. 

IMPORTANCE Respiratory syncytial virus (RSV) is the most common cause of serious lower respiratory tract illness in infants and 
children. The human innate immune response inhibits RSV replication early after inoculation, principally through the effect of 
substances called interferons. The virus, however, has developed several mechanisms for counteracting the host innate immune 
response. It is not known whether or not RSV infection alters the expression of host microRNAs, which are short RNA sequences 
that are posttranscriptional regulators. This paper shows that RSV does induce unique patterns of microRNA expression related 
to the NF-kB pathway or interferon pathways. The microRNA profiles differed depending on the cell type that was infected, air- 
way cell or antigen-presenting cell. Interestingly, the virus appears to counteract the microRNA response by expressing non- 
structural viral genes in the cell that reduce microRNA induction. The data suggest a new way in which paramyxoviruses regu- 
late the host cell response to infection. 
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Respiratory syncytial virus (RSV) is an enveloped negative- 
strand RNA virus in the family Paramyxoviridae (1). RSV is 
spread by large-particle aerosol droplets or direct contact, with 
infection initiating in the nasopharynx and then spreading to the 
lower respiratory tract (1). RSV mainly infects cells of the naso- 
pharynx and lung but also can be detected in circulating mono- 
nuclear cells (2). RSV infects all age groups, but it rarely causes 
severe disease in otherwise healthy adults. In infants and the el- 
derly, RSV infection can cause severe bronchiolitis or pneumonia 
(1). While mild disease does not require medical intervention, 
severe disease may require mechanical removal of secretions, hu- 
midified oxygen treatment, or mechanical ventilation (1). An ef- 
fective RSV vaccine is not yet available. 

MicroRNAs (miRNAs) are a class of noncoding RNAs with 
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characteristic, complex secondary structures that are conserved 
evolutionarily in plants, invertebrates, and vertebrates. Target 
RNAs are identified through the 5' 6- to 8-nucleotide seed se- 
quence of the mature miRNAs (3). It has been hypothesized that 
each mature miRNA can recognize about 100 to 200 cellular tran- 
scripts (3). miRNAs act as part of the antiviral response in plants 
and invertebrates and exert their effects through a block in trans- 
lation or direct degradation of target mRNAs (4). miRNAs also 
have antiviral responses in vertebrates. For example, the human 
microRNA hsa-miR-125a-5p interferes with expression of hepa- 
titis B virus surface antigen to control viral replication (5). 

miRNAs are categorized into families and clusters (6). Mem- 
bers of families of miRNAs have the same or similar seed se- 
quences, and therefore, they may target the same genes. miRNAs 
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FIG 1 let- 7b is increased in MDDCs and let- 7c, let-7i, and miR-30b are increased in NHBE cells after RSV inoculation. Cells were inoculated with RSV and 
harvested 48 h later. The microRNAs let-7b, let-7c, let-7i, miR-30b, and miR-221 were assayed in MDDCs (A) or NHBE cells (B) by real-time PCR. The relative 
fold change of the miRNAs was calculated by normalizing values against the GAPDH control in comparison to mock- infected cells. Data are plotted as means; 
error bars represent the standard errors of the means. Each point represents a biological replicate, and graphs are representative of three technical replicates. The 
RSV G RNA level also was assayed by real-time PCR in inoculated MDDCs and plotted as log 10 -transformed relative RNA level in comparison to mock- infected 
cells. The let-7b miRNA level was plotted against the RSV G RNA level (C). 



are named through their family association. For example, mem- 
bers of the let- 7 family of miRNAs have the nucleotide seed se- 
quence 5' UGAGGUAG 3'. Clusters of miRNAs are located in 
close proximity on chromosomes and can be regulated ^trans- 
criptionally. Controlling expression of groups of miRNAs within 
clusters likely allows cells to regulate biological processes very 
quickly. 

A small but growing body of literature indicates that mammals 
may respond with miRNAs as a part of the inflammatory response 
mounted against pathogens that includes factors such as interfer- 
ons (IFNs). Beta interferon (IFN-/3) treatment induced human 
miR-155 expression in cells in a Jun N-terminal protein kinase 
(JNK) -dependent fashion, possibly dependent upon tumor ne- 
crosis factor alpha (TNF-ai) (7). Multiple human miRNAs are 
produced in response to IFN-/3, with seed sequences that poten- 
tially target hepatitis C virus gene products and block replication 
of the virus in culture (8). Other human miRNAs are expressed 
differentially in resting versus activated T cells, a profile that has 
been hypothesized to promote HIV latency (9). RSV infection 
induces secretion of multiple proinflammatory cytokines, includ- 
ing, but not limited to, type I and type II IFNs, TNF-a, 
interleukin-12 (IL-12),and IL-6 (10-14). A recent publication has 
examined miRNA responses after RSV infection of human bron- 
chial epithelial cells and found that several miRNAs were down- 
regulated, including miRNA-221, which led to an increase in 
nerve growth factor (NGF) (15). Another group has recently pub- 
lished that RSV regulates miRNAs which affect viral replication 
(16). 

RSV infection induces production of the type I IFNs IFN- a and 
-]8 (1, 17); however, induction is modest in comparison to that 
caused by many other RNA viruses (1, 10, 13, 18). RSV antago- 
nizes IFN signaling by multiple mechanisms. RSV nonstructural 
proteins 1 and 2 (NS1 and NS2) block phosphorylation of inter- 
feron regulatory factor 3 (IRF-3) (2, 17). NS2, but not NS1, also 
blocks IFN signaling by decreasing expression of STAT2 (1, 19). 
The antiviral small RNA helicase retinoic acid-inducible gene I 
(RIG-I) binds the RSV genome and induces IFN-/3 production (1, 
20). However, NS2 antagonizes IFN-/3 production through an 
interaction with RIG-I (3, 21). RSV N protein interacts with 
MDA5 and locates in close proximity to mitochondrial antiviral 



signaling protein (MAVS) in cytoplasmic granules termed viral 
inclusion bodies, thereby attenuating the IFN-/3 response (3, 22). 
Additionally, RSV G protein inhibits TLR3/4-mediated IFN-/3 
production (4, 23). 

We hypothesized that RSV infection may upregulate cellular 
miRNA responses through an IFN-dependent mechanism. In this 
study, we identified miRNAs that were increased after RSV infec- 
tion of primary dendritic cells (DCs) or normal human bronchial 
epithelial (NHBE) cells. Interestingly, the data revealed three 
modes of miRNA activation. In NHBE cells, let-7i and miR-30b 
were upregulated in a process that required viral replication. In- 
oculation of cells with RSV strains lacking NS1 or NS2 genes fur- 
ther upregulated let-7i and miR-30b. These data suggest that RSV 
NS1 and NS2 proteins normally antagonize the upregulation of 
miRNA expression in RSV-infected epithelial cells. In DCs, let- 7b 
was upregulated. The induction of let-7b in DCs appeared to be 
enhanced by IFN in the inoculum, since inoculation of DCs with 
virus produced in IFN-deficient Vero cells exhibited reduced in- 
duction of let- 7b. 

RESULTS 

After inoculation with RSV, let- 7b was increased in MDDCs and 
let-7c, let-7i, and miR-30b were increased in NHBE cells. We 

hypothesized that RSV infection may upregulate specific miRNAs 
through induction of secretion of cytokines. We examined 
miRNA responses to RSV with miRNA microarrays using 
monocyte-derived dendritic cells (MDDCs) or primary NHBE 
cells following inoculation with RSV. The miRNA microarray as- 
says were performed on two biological replicates of MDDCs and 
NHBE cells. We examined NHBE cells because bronchial epithe- 
lial cells are the primary targets for RSV infection in vivo. MDDCs 
were examined because they are productively infected by RSV and 
because they secrete cytokines that are likely to induce miRNA 
expression. The arrays suggested that several miRNAs were in- 
creased at least 2-fold or more in MDDCs after inoculation with 
RSV. We used quantitative PCR tests to measure the effect of RSV 
infection on candidate miRNAs with more accuracy. PCR valida- 
tion has been performed on 8 biological replicates of MDDCs and 
3 biological replicates of NHBE cells. Using the real-time PCR 
tests, we validated that let-7b was increased in MDDCs and let-7c, 
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FIG 2 Activation of let-7i or miR-30b depended on viral dose and active replication. NHBE cells were inoculated with live RSV that was not UV inactivated or 
with UV- inactivated RSV. RNAs were harvested 1, 24, or 48 h later and were assayed for miRNA expression by real-time PCR. The relative fold change of let-7i 
or miR-30b was calculated by normalizing values against the GAPDH control in comparison to mock-infected cells. Three technical replicates of three biological 
replicates were performed. Data are plotted as means; error bars represent the standard errors of the means. PI, postinoculation. 



let-7i, and miR-30b were increased in NHBE cells following inoc- 
ulation with RSV (Fig. 1). In MDDCs, let-7b was increased 2.7- 
fold, with a P value of 0.03 as measured by the Wilcoxon signed- 
rank test, comparing the actual mean to the theoretical mean of 
1.0, or no change in let-7b (Fig. 1A). The other miRNAs tested all 
had P values greater than 0.2 in the real-time PCR validation as- 
says. Two of the six MDDC samples tested did not exhibit in- 
creased let-7b. In our experience DCs exhibit a variable permis- 
sivity for infection with RSV. We tested for the presence of the 
RNA for the RSV G gene as a marker for viral infection and plotted 
those values against the level of the miRNA let- 7b (Fig. 1C). The 
two samples that did not exhibit let- 7b upregulation also did not 
have detectable RSV G RNA, suggesting that let- 7b induction re- 
quired productive infection by RSV in these cells. 

In NHBE cells, miRNA activation was tested after inoculation 
with RSV in comparison to mock-infected cells (Fig. IB). let-7b, 
which was the principal miRNA altered in DCs, was unchanged in 
NHBE cells. Three miRNAs, let-7c, let-7i, and miR-30b, increased 
in RSV-infected cells, while one, miR-221, decreased in response 
to RSV. Comparing each miRNA against the unchanged let- 7b, all 
miRNAs tested were changed significantly in epithelial cells: let- 7c 
had a P value of 0.0027, miR-22 1 had a P value of 0.0002, let-7i had 
a P value of 0.0023, and miR-30b had a P value of 0.0123. RSV 
infection and G detection did not vary between repetitions, and 
therefore, we were unable to correlate G expression with miRNA 
overexpression. 

Activation of let-7i and miR-30b depended upon viral dose 
and viral replication. We chose to study further let-7i and miR- 
30b in NHBE cells, because they were induced most robustly. In 
order to begin to study the mechanism of miRNA induction after 
RSV infection, we determined the kinetics of induction and exam- 
ined the effects of the inoculation viral dose and the presence of 
active replication in NHBE cells. NHBE cells were inoculated at a 
multiplicity of infection (MOI) of 0.1 or 1.0 with replication- 
competent virus or at an MOI of 1.0 with UV- inactivated virus. 
RNA was collected for miRNA analysis at 0, 1, 24, or 48 h postin- 
oculation. Induction of both let-7i and miR-30b depended both 
on the dose of virus in the inoculum and on active viral replication 
(Fig. 2). let-7i increased at 24 and 48 h postinoculation, while 
miR-30b exhibited a lag of induction until 48 h postinoculation 
(Fig. 2). These data suggest that let-7i and miR-30b may be in- 



duced by different mechanisms. It was not possible to perform 
these experiments in MDDCs, because the number of cells needed 
for testing exceeded the number of DCs that are feasible to collect 
from individual donors using conventional high-volume periph- 
eral blood collection. 

Activation of let- 7b and let-7i correlated with levels of IFN- /3 
in viral stocks. It was reported previously that let- 7b and miR-30b 
were induced in cells treated with IFN-/3 (5, 8, 24, 25). RSV in- 
duces secretion of the type I interferons IFN- a and IFN-/3 (6, 10, 
18, 26, 27). Therefore, we hypothesized that RSV may induce 
miRNAs through a mechanism involving type I IFNs. In order to 
test this hypothesis, we inoculated MDDCs or NHBE cells with (i) 
RSV collected from the supernatants of infected HEp-2 cells, (ii) 
cell- associated RSV from infected HEp-2 cells, or (iii) RSV col- 
lected from the supernatants of infected Vero cells. Vero cells are 
IFN deficient, and therefore, virus suspensions produced in these 
cells should not contain any IFN (7, 28, 29). IFN-/3 levels in viral 
preparations were assayed by enzyme-linked immunosorbent as- 
say (ELISA). HEp-2 cell culture monolayer supernatants with RSV 
wild- type strain A2 contained 226 pg/ml IFN-/3; the suspension of 
RSV strain A2 obtained from the cell-associated fraction of a 
HEp-2 cell culture contained 38 pg/ml IFN-/3. RSV A2 suspension 
from Vero cell culture did not contain any detectable IFN-/3 (level 
of detection, 25 pg/ml IFN-/3). At the time of inoculation, NHBE 
medium did not contain detectable levels of IFN-/3 in any of the 
biological replicates and rose to only 10 pg/ml in mock- treated 
cells. let-7b was assayed in separate cultures of MDDCs inoculated 
with each of the three viral preparations (Fig. 3A). Similarly, let-7i 
(Fig. 3B) and miR-30b (Fig. 3C) were assayed in NHBE cells inoc- 
ulated with each of the three viral preparations. miRNA activation 
also was plotted against IFN-/3 levels to determine if miRNA ex- 
pression correlated with the level of IFN (Fig. 3D to F). In MD- 
DCs, let- 7b was induced 8. 5 -fold in cells infected with RSV col- 
lected from HEp-2 cell supernatant (HEp-2 sup A2), 6. 5 -fold in 
cells infected with RSV collected from HEp-2 cell pellet fraction 
(HEp-2 cell A2), and 3. 5 -fold in cells infected with RSV collected 
from Vero cell supernatant (Vero sup A2) (Fig. 3A). The presence 
of IFN-/3 in viral preparations did correlate with an increase in 
let-7b induction. A comparison of the levels induced by HEp-2 
sup A2 and Vero sup A2 yielded a P value of 0.017, while the 
comparison of HEp-2 cell A2 with Vero sup A2 yielded a P value of 
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FIG 3 Induction of let- 7b or let-7i expression correlated with levels of IFN-/3 in viral inoculum. MDDCs or NHBE cells were inoculated with RSV collected from 
HEp-2 cell supernatants (HEp-2 sup A2), HEp-2 cell pellets (HEp-2 cell A2), or Vero cell supernatants (Vero sup A2). RNAs were harvested 48 h later and were 
assayed for let-7b, let-7i, or miR-30b expression by real-time PCR. The relative fold change of let- 7b in MDDCs (A), let-7i in NHBE cells (B), or miR-30b in 
NHBE cells (C) was calculated by normalizing values against the GAPDH control in comparison to mock-infected cells. IFN-/3 in the viral stocks was assayed by 
ELISA. let- 7b in MDDCs (D), let-7i in NHBE cells (E), or miR-30b in NHBE cells (F) was plotted against IFN-/3. 



0.015. When let-7b induction was plotted against log 10 - 
transformed IFN-/3 levels, a linear relationship between IFN-/3 
levels and let- 7b induction was observed with a significantly (P = 
0.015) nonzero slope; however, the curve fit was not strong, with 
an r 2 value of 0.6 (Fig. 3D). Furthermore, despite the absence of 
IFN in virus suspensions collected from Vero cells, induction of 
let- 7b was reduced but not abrogated. These data suggest that 
let- 7b induction is augmented by IFN during RSV infection but 
does not depend solely upon IFN. 

Infection of NHBE cells with virus collected from HEp-2 cell 
pellet or Vero cell supernatant abrogated let-7i induction, indicat- 
ing that RSV- associated let-7i induction may depend strictly upon 
IFN (Fig. 3B). When let-7i induction was plotted against the log 10 - 
transformed IFN-/3 levels, let-7i induction exhibited a nonlinear 
relationship to IFN-/3 levels, with a strong curve fit value (r 2 = 
0.96) (Fig. 3E). This finding confirmed a correlation of let-7i in- 
duction in NHBE cells with the presence of IFN-/3. Other factors, 
however, could be contributing to let-7i induction, such as the 
presence of noninfectious viral particles. Conversely, infection of 
NHBE cells with virus collected from HEp-2 cell pellet caused a 
decrease in miR-30b that did not occur in NHBE cells infected 
with Vero cell supernatant (Fig. 3C). These data, in combination 
with plotting miR-30b induction against log 10 -transformed 



IFN-/3 levels, suggested that the level of miR-30b induction did 
not correlate with IFN-/3 levels (Fig. 3F). 

Deletion of NS1 and NS2 augmented RSV activation of let-7i 
and miR-30b. The ability of RSV NS1 and NS2 to antagonize type 
I IFN signaling is well established (8, 17, 19, 20). Comparison of 
the level of miRNA induction by RSV produced in HEp-2 cells 
with that in Vero cells indicated that let-7i induction is associated 
with the induction of IFN but that miR-30b levels are not. To 
further examine the association, we inoculated cells at an MOI of 
0.5 with wild-type RSV A2 (A2),RSVA2 deleted for NS1 (RSVA2 
ANSI), or RSV A2 deleted for NS2 (RSV A2 ANS2). IFN-/3 was 
assayed in the culture supernatant infected with A2, RSV A2 
ANSI, and RSV A2 ANS2. Levels were 175, 429, and 398 pg/ml, 
respectively. Consistent with the above data indicating that let-7i 
induction correlated with IFN-/3 levels, infection of cells with vi- 
rus deleted for IFN antagonists yielded even higher levels of in- 
duction of let-7i (Fig. 4A). When activation of let-7i was measured 
in cells inoculated with RSV A2 ANSI (P = 0.011) or RSV A2 
ANS2 (P = 0.05), expression was increased significantly with both 
deletion mutant viruses in comparison to that in cells infected 
with wild-type RSV. Expression of miR-30b was increased signif- 
icantly in cells infected with RSV A2 ANSI (P = 0.0.008) or RSV 
A2 ANS2 (P = 0.0016), compared to that in cells infected with 
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FIG 4 Infection with RSV mutant viruses lacking NS 1 or NS2 genes induced more expression of let-7i or miR-30b than did infection with wild-type virus. NHBE 
cells were inoculated at an MOI of 0.5 with wild-type RSV (wt A2) or RSV with NS1 (A2 ANSI) or NS2 (A2 ANS2) deleted, and RNA was harvested 48 h later. 
let-7i (A) or miR-30b (B) was assayed by real-time PCR. RNA for the RSV gene M2-2 also was assayed by real-time PCR (C) . Data have been confirmed with three 
biological replicates. Graphs are plotted as the relative fold change after GAPDH normalization in comparison to mock-infected cells. Data are plotted as means; 
error bars represent the standard errors of the means. 



wild-type RSV A2 (Fig. 4B). These data indicate that miR-30b 
induction does not correlate with IFN-/3 levels, and therefore, it is 
surprising that infection of NHBE cells with virus deleted for IFN 
antagonists also augmented miR-30b induction. The results sug- 
gest that miR-30b maybe induced via an IFN-independent mech- 
anism that also is antagonized by RSV NS1 and NS2 proteins. To 
confirm that wild-type RSV and the two deletion mutants repli- 
cated to approximately equal levels, the level of RSV M2-2 tran- 
script was quantified by a real-time reverse transcription-PCR 
(RT-PCR) test. Equivalent levels of M2-2 RNA were detected in 
cells inoculated with wild-type RSV A2, RSV A2 ANS 1 , or RSV A2 
ANS2 (Fig. 4C). It should be noted that NS1 and NS2 affect other 
cytokines and chemokines, and therefore, it remains possible that 
NS1 and NS2 may contribute to miRNA activation of other cyto- 
kines as well. 

Expression of NF-kB superrepressor blocked RSV induction 
of miR-30b. The findings above suggested that both let-7i and 
miR-30b were antagonized by NS1 and NS2 but that only let-7i 
was induced via an IFN-dependent mechanism. NS2 antagonizes 
RIG-I binding to IPS-1 (9, 21). RIG-I signaling leads to type I IFN 
activation but additionally leads to activation of NF-kB. Further- 
more, it has been shown that the miR-30b promoter is bound by 
the transactivating NF-kB family member p65. We hypothesized 
that miR-30b might be upregulated through the NF-kB pathway 
after RSV infection. 

In order to test this hypothesis, we manipulated pathways reg- 
ulating NF-kB transcription factors. The IkBq: protein inactivates 
NF-kB by masking the nuclear localization signals of NF-kB pro- 
teins and keeping them sequestered in an inactive state in the 
cytoplasm. The NF-kB superrepressor, when expressed, preferen- 
tially binds to the p65/p50 NF-kB transcription factor het- 
erodimer but cannot be phosphorylated or degraded (10-14, 30, 
31). Therefore, even in the presence of activating signals, the 
NF-kB superrepressor retains the NF-kB transcription factor in 
the cytosol and prevents NF-kB activation. We transiently trans- 
fected cells with a plasmid encoding the NF-kB superrepressor or 
a control plasmid encoding green fluorescent protein (GFP). 
Twenty- four hours posttransfection, cells were mock infected or 
inoculated with wild-type RSV A2 at an MOI of 1.0. RNA was 
harvested 48 h postinoculation and was assayed for miR-30b in- 



duction. The expression level of the superrepressor and equal 
loading were determined by immunoblotting (Fig. 5, top). Ex- 
pression of the NF-kB superrepressor alone did not alter miR-30b 
levels, while RSV infection of GFP -expressing cells did induce 
miR-30b (Fig. 5, bottom). RSV infection of cells expressing NF-kB 
superrepressor resulted in a 2-fold decrease in miR-30b (P = 
0.003). These data suggested that RSV likely induces miR-30b 
through the NF-kB pathway. 



Mock RSV-infected 




FIG 5 Transient expression of NF-kB superrepressor blocks miR-30b induc- 
tion. NHBE cells were transfected with a plasmid expressing GFP or an NF-kB 
superrepressor (SR). Cells then were mock infected or inoculated with wild- 
type RSV A2 24 h later at an MOI of 1.0. Proteins and RNAs were harvested 
48 h later. Expression of FLAG-tagged SR was confirmed by FLAG immuno- 
blotting (top panel). miR-30b was assayed by real-time PCR (bottom graph). 
The graph is plotted as the relative fold change after GAPDH normalization in 
comparison to GFP-transfected, mock-infected cells. Data are plotted as 
means; error bars represent the standard errors of the means. 
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DISCUSSION 

This study represents the first mechanistic description of RSV- 
mediated overexpression of miRNAs. We have determined that 
RSV uses three modes to induce miRNA overexpression. In DCs, 
let-7b induction was enhanced by IFN-/3. In NHBE cells, expres- 
sion of let-7i depended on IFN-/3. In NHBE cells, miR-30b was 
induced by an IFN-independent, NF-KB-dependent mechanism. 
The antiviral type I IFN response has been studied extensively; 
however, induction of miRNAs represents a new aspect of IFN 
effector function that has not been fully elucidated. In this work, 
we also demonstrated that let- 7c was increased significantly in 
NHBE cells. We also saw a significant decrease in the expression of 
miR-221, consistent with previous work (15). In the paper that 
described the decrease of miR-22 1 after RSV infection, the authors 
did not describe an increase in miR-30b or let-7i despite using 
similar cells and the same virus strain. This group, however, ex- 
amined responses at 24 h postinfection, whereas we focused on the 
48-h time point. Our studies suggest that miR-30b and let-7i are at 
much higher levels at 48 h postinoculation, and therefore, the 
other group may not have detected the increase at 24 h. 

We have determined that virally encoded NS1 and NS2 antag- 
onized let-7i and miR-30b induction in NHBE cells, suggesting 
that the miRNA responses may play an essential role in the host 
defense against RSV. The use of several different mechanisms of 
induction of miRNAs, in addition to the presence of antagonists of 
miRNA induction within the viral genome, suggests that miRNA 
induction is an important feature of the host-cell interaction. RSV 
G is also a known regulator of type I IFN responses as well as 
IFN- A. We have not yet evaluated the role of IFN- A. 

Dysregulation of miRNAs has been examined extensively in 
human cancers. There is a small but growing body of evidence 
suggesting that miRNAs also respond to the inflammatory re- 
sponse associated with infection by RNA viruses. Several miRNAs 
changed in the brains of mice infected with Venezuelan equine 
encephalitis virus (32). Furthermore, miRNAs that are modulated 
during influenza virus infection have been identified, let- 7c, 
which was upregulated in influenza virus-infected epithelial cells 
as well as in our own studies with RSV, may inhibit influenza virus 
replication by directly targeting a viral gene product (33, 34). In- 
fection of macaques with low- or high-pathogenicity avian influ- 
enza viruses suggested that infection with highly pathogenic vi- 
ruses induced a specific miRNA signature within the lungs of 
infected animals (35). Studies of swine-origin low-pathogenicity 
influenza A viruses and high-pathogenicity avian influenza A vi- 
ruses have suggested that the low- and high-pathogenicity influ- 
enza viruses induce distinct miRNA molecular fingerprints (36). 
These data suggest that miRNA expression profiles may reflect the 
severity of the disease or could drive the severity of disease. These 
data, in combination with a recent publication describing RSV- 
induced changes in nerve growth factor (NGF) levels through 
downregulation of miR-221, suggest that RSV infection also may 
exhibit a distinct miRNA fingerprint and that this profile may 
reflect the severity of disease (15). 

We determined that let- 7b is upregulated in DCs after inocu- 
lation with RSV but not in epithelial cells. Inoculation of DCs with 
virus collected from Vero cell supernatants that did not have de- 
tectable IFN-/3 exhibited reduced, but not completely absent, in- 
duction of let-7b. let-7b regulates IFN-/3 and is induced by IFN-/3 
in macrophages (25), so it was not surprising that let- 7b induction 



correlated with IFN levels. More specifically, STAT3 may regulate 
let-7b (25). Even in the absence of IFN-/3, however, there is the 
potential for some residual let-7b upregulation. The let-7b pro- 
moter has a p53 binding site, so it could be regulated additionally 
through p53 (37), although other published data suggest that 
let-7b decreases in response to cellular stress dependent upon p53 
(38). Since we saw an increase in let- 7b, this scenario is unlikely. In 
another study, let-7d, let-7f, let- 7a, and let- 7b were found to be 
decreased by active NF-kB (39). Conversely, it has been suggested 
that let-7a-3 may be activated by NF-kB (40). let-7b is clustered 
with let- 7a and therefore could be regulated transcriptionally with 
let- 7a. Therefore, let- 7b could be upregulated by both IFN-/3 and 
NF-kB after RSV inoculation. 

In NHBE cells, we determined that let-7i induction correlated 
with IFN-/3 and that miR-30b was induced via NF-kB. These find- 
ings are consistent with current knowledge, as RSV infection in- 
duces both IFN and NF-kB during RSV infection (10, 13, 18, 41). 
This activation could occur through RSV nucleic acid stimulation 
of RIG-I or RSV F stimulation of TLR4 (Fig. 6). While we have not 
categorically determined which of these routes is used by RSV, 
UV-inactivated virus did not activate let-7i or miR-30b. As RSV F 
protein is still present on UV-inactivated virion particles but the 
virus cannot replicate, these data might suggest a RIG-I- 
dependent mechanism. RSV genes NS1 and NS2 each antagonized 
both let-7i and miR-30b induction. It is known that NS1 and NS2 
antagonize IFN and NF-kB signaling pathways at multiple points 
(Fig. 6). Since we have shown that let-7b and let-7i induction 
correlated with IFN-/3 levels, it was not surprising that both NS1 
and NS2 antagonized induction, potentially through blocking 
IPS-1 binding to RIG-I, TRAF3 association with IPS-1, activation 
of IkB kinase epsilon (IKKe), and phosphorylation and activation 
of IRF-3 and IRF-7 (Fig. 6). miR-30b induction was blocked 
through expression of the NF-kB superrepressor and therefore 
may occur downstream of RIG-I/IPS- 1 induction of RIP/FADD, 
TRAF6, NEMO, and the p50/p65 heterodimer (Fig. 6). In this 
scenario, NS2 should inhibit miR-30b induction by blocking 
RIG-I association with IPS - 1 . However, there is no known activity 
of NS1 that would antagonize miR-30b induction upstream of 
NF-kB activation. Therefore, NS1 may exhibit some activity that 
has not been discovered yet, or RSV also may activate NF-kB via a 
RIG-I-independent pathway. It has not been tested if RIG-I sig- 
naling by other mechanisms could lead to miR-30b induction. In 
the future, miR-30b induction will be tested following infection by 
other RNA viruses or stimulation with RIG-I and TLR4 agonists. 

In this study, we identified three different members of the let- 7 
family that are induced by inoculation with RSV. Members of the 
let- 7 family share the same seed sequence, and therefore, they 
should target the same cellular transcripts for degradation or 
block in translation, let- 7c increases in response to infection with 
another important respiratory virus, influenza virus (33). The 
let- 7 family has an extensive list of experimentally validated direct 
targets, including SOCS4, caspase-3, p27, Lin28, TRIM71, IL-13, 
TLR4, RAS, c-Myc, HMGA2, IL-10, and IL-6 (42). Several of the 
experimentally confirmed targets could impact RSV replication or 
the disease process. An experimentally confirmed target of let- 7 is 
IL-13. It was found that during allergic inflammation in mice, 
let- 7 was induced (43). Surprisingly, however, when let- 7a is in- 
hibited in mice during allergic airway inflammation, there was a 
decrease in secretion of proinflammatory cytokines (44). In ani- 
mal models, IL-13 appears to enhance the severity of disease (45, 
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FIG 6 Model of RSV-mediated activation of let-7b, let-7i, and miR-30b. RSV activates the small RNA helicase RIG-I through an interaction with viral RNA and 
TLR4 through binding of virion protein F. RIG-I binds to the cellular adaptor protein IPS- 1, which is antagonized by RSV NS2. TLR4 interacts with the cellular 
adaptor protein TRIF. Both IPS-1 and TRIF interact with cellular adaptor proteins TRAF3 and TRAF6. RSV NSl blocks TRAF3 interaction with IPS-1. TRAF3 
binding to IPS-1 leads to activation of the IKKe kinase, which phosphorylates IRF-3 and -7. NSl blocks activation of IKKe, and both NSl and NS2 block 
phosphorylation of IRFs. IRFs initiate expression of the type I IFNs IFN-a and IFN-/3, which leads to downstream activation of let-7b and let-7i. TRAF6 
interaction with IPS-1 or TRIF leads to downstream activation of the NEMO-lKKa-lKKjS kinase complex, which phosphorylates IkBq: bound to the cytosolic 
p50-p65 NF-kB heterodimer. Phosphorylated IkBq: is degraded by the proteasome, which leads to the release of the p50-p65 heterodimer and exposes their 
nuclear localization sequences. The heterodimer is transported to the nucleus and initiates transcriptional activation of NF-kB target genes, which include 
miR-30b as well as type I IFNs. 



46). In children with RSV, increased levels of serum IL-13 were 
detected (47). This finding could indicate that RSV induces let- 7 
and enhances secretion of proinflammatory cytokines, thus en- 
hancing the severity of disease. 

Members of the let- 7 family also target IL-6 (39). RSV induces 
IL-6 expression and secretion in macrophages (48). Data from our 
laboratory also indicated that neonatal cells inoculated with RSV 
secreted more IL-6 than did adult cells (14). let-7 regulation could 
be a mechanism of IL-6 secretion during RSV infection, let-7 also 
targets TLR4 (49). Polymorphisms in the TLR4 gene are associ- 
ated with enhanced risk for severe RSV disease (50). TLR4 is stim- 
ulated by the RSV F protein (51), and TLR4-deficient mice who 
were infected exhibited enhanced disease (51, 52). let-7 overex- 
pression may enhance the severity of disease by blocking expres- 
sion of TLR4. 

The functions of miR- 3 Ob and the miR- 30 family have been 
less extensively studied. Targets of miR-30b have been experimen- 
tally confirmed only by identifying target sequences in their 3' 



untranslated regions (UTRs). Genes confirmed by more rigorous 
methods to be targeted by other members of the miR- 30 family 
include RUNX2, beclin-1, and GNAI2 (42). 

Another potential effect of miRNA induction is degradation of 
viral gene products, which would result in inhibition of viral rep- 
lication. Several groups have suggested that miRNAs may target 
viral mRNAs directly as a new antiviral immune mechanism (33, 
34, 53, 54). 

In summary, miRNAs appear to play an important role in the 
host response to RSV infection. Multiple miRNAs are induced by 
infection, in a cell-type-specific fashion. The particular miRNAs 
induced are known to relate to primary pathways in the host in- 
nate immune response involving classical regulators such as 
NF-kB and the type I IFNs. Thus, it is unlikely that miRNAs rep- 
resent a completely new and independent antiviral program but 
rather that they appear to contribute to regulation of the overall 
innate response to infection. The fact that two RSV nonstructural 
genes inhibit the induction of miRNAs reveals how complex and 
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multilayered is the interaction between paramyxoviruses and the 
innate response in epithelial and immune system cells. 

MATERIALS AND METHODS 

Cell lines and virus. Vero cells were maintained in Eagle's minimum 
essential medium (Mediatech) supplemented with 10% fetal bovine se- 
rum (FBS) and 1% penicillin-streptomycin. Normal human bronchial 
epithelial (NHBE) cells were obtained from Lonza and propagated in 
bronchial epithelial growth medium (BEGM) with retinoic acid, as di- 
rected by the manufacturer. Live RSV was UV inactivated with a 115-V 
VWR cross-linker for 15 min. UV inactivation was confirmed by plaque 
assay. Live RSV strains lacking the NS1 or NS2 genes that had been gen- 
erated by reverse genetics techniques were kindly provided by Medlm- 
mune. The RSV wild-type strain A2 and the NS1 and NS2 gene-deletion 
RSV mutants were expanded in Vero cell monolayer cultures. Virus was 
isolated from infected cell monolayers after scraping, pelleting, three suc- 
cessive freeze-thaw cycles, and resuspension in fresh medium. RSV was 
purified further with two rounds of centrifugation at 2,500 X gfor 10 min 
at 4°C and then filtration through a 45 -jam filter. For mock infections, 
uninfected Vero cell culture monolayers were harvested and treated as 
described above. 

Generation of MDDCs. Human peripheral blood was collected with 
the approval of the Vanderbilt University Institutional Review Board. 
Sixty milliliters of peripheral blood was collected from healthy adult do- 
nors. Peripheral blood mononuclear cells (PBMCs) were isolated using 
Ficoll (Sigma; Histopaque 1077). Monocytes were enriched using CD14 
microbeads and a QuadroMACS magnet (Miltenyi). Purified CD14 + 
monocytes were cultured in the presence of recombinant human 
granulocyte-macrophage colony- stimulating factor (GM-CSF) (800 U/ 
ml) and recombinant human IL-4 (500 U/ml; PeproTech) for 6 days to 
generate MDDCs prior to virus inoculation. 

miRNA array. NHBE cells or MDDCs were inoculated with RSV wild- 
type strain A2 at an MOI of 1.0. Total RNA with preserved miRNAs was 
harvested at 48 h after inoculation using an miRNA isolation kit, as di- 
rected by the manufacturer (Exiqon). RNA concentration was measured 
on a NanoDrop ND-1000 spectrophotometer, and integrity was mea- 
sured with an Agilent 2100 bioanalyzer. MicroRNA responses to RSV 
infection were assayed with the Exiqon miRCURY LNA microRNA array 
at the Vanderbilt University Genomic Science Resource core using miRX- 
PLORE (Miltenyi). 

miRNA isolation and detection. RSV- or mock-infected cells were 
harvested at the indicated time points after inoculation. MicroRNAs were 
isolated from infected cell monolayers using the m/rVana miRNA isola- 
tion kit (Ambion), as directed by the manufacturer. Both small and large 
RNAs were collected during isolation in order to retain cellular 
glyceraldehyde-3 -phosphate dehydrogenase (GAPDH) RNA for normal- 
ization of data to an unaffected housekeeping gene. RNA concentration 
was measured with a NanoDrop spectrophotometer. MicroRNAs were 
detected by TaqMan real-time PCR using miRNA-specific primer probe 
sets for let-7b, let-7i, or miR-30b (Applied Biosystems). MicroRNAs were 
expanded by reverse transcription from 50 ng RNA with the TaqMan 
microRNA RT kit and sequence-specific primers (Applied Biosystems), as 
directed by the manufacturer. Copy DNA for the cellular control gene 
GAPDH was synthesized from 50 ng of RNA using a high-capacity cDNA 
reverse transcription kit (Applied Biosystems), as directed by the manu- 
facturer. Individual gene products were detected by real-time PCR per- 
formed in a SmartCycler II (Cepheid) thermocycler using TaqMan gene 
expression assays and TaqMan universal PCR master mix (Applied Bio- 
systems), as directed by the manufacturer. Expression assays used in- 
cluded GAPDH (4352934E), let-7b, let-7i, and miR-30b (Applied Biosys- 
tems). Custom TaqMan assays also were designed for detection of RSV 
M2-2 and G RNAs (Applied Biosystems Assays on Demand). Statistics 
were calculated using the Wilcoxon rank- sum test. 



IFN-/3 ELISA. IFN-/3 was assayed in viral preparations by ELISA 
(R&D Systems), as directed by the manufacturer. Plates were read using a 
SpectraMax M5 plate reader (Molecular Devices). 

Transfection of NHBE cells. NHBE cells were transiently transfected 
using an Amaxa Nucleofector device and Amaxa NHBE transfection so- 
lution (Lonza) as directed by the manufacturer. Briefly, cells were pas- 
saged 2 days before transfection. On the day of transfection, cells were 
trypsinized, trypsin was inactivated, and 5 X 10 5 cells were resuspended in 
transfection reagent spiked with supplement and 2 jag plasmid DNA. Cells 
were transfected with pmaxGFP as plasmid control or pCDNA3.1 + with 
the NF-kB superrepressor. Cells were then inoculated with RSV at 16 h 
posttransfection. 

Immunoblotting to demonstrate gene expression. Protein expres- 
sion of the NF-kB superrepressor (an IkBcc mutant that prevents NF-kB 
activation) was confirmed by immunoblotting using primary antibodies 
directed against the FLAG M2 epitope tag (Sigma). Equal loading of the 
blots was confirmed by actin. Cells were disrupted in lysis buffer (50 mM 
Tris-HCl, 150 mM NaCl, 1% Triton X-100, pH 8.0) containing 0.5% 
(vol/vol) protease inhibitor cocktail (Sigma) and 1.0% (vol/vol) phospha- 
tase inhibitors (Sigma). Lysates were run on 4 to 12% NuPAGE Bis-Tris 
gels (Invitrogen) and transferred to polyvinylidene difluoride (PVDF) 
membranes with an iBlot dry-blotting system (Invitrogen). Membranes 
were blocked with 50% Odyssey blocking buffer (Li-Cor) diluted in phos- 
phate-buffered saline (PBS). Membranes were incubated in primary an- 
tibodies overnight at 4°C, washed, and then incubated with Li-Cor anti- 
mouse IRDye 800CW secondary antibody for 1 h at room temperature. 
Protein bands were detected and quantified using the Odyssey infrared 
imaging system (Li-Cor Biosciences). 
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